Abstract: A full-scale physical model of a modified infiltration trench was constructed to test a new storm water best management practice called an ecology ditch. The ditch was constructed using compost, sand, and gravel, and a perforated drain pipe. A series of 14 tests were conducted on the physical model. The tests controlled rainfall application and overland roadway runoff amounts and monitored outflow from the discharge pipe. The objectives were to increase the time to peak and reduce the peak discharge coming out of the pipe. The results were also used to calibrate a modified existing unsaturated two-dimensional groundwater flow code. After the code was calibrated, computer simulations were performed to determine the effects of storm size, rainfall distribution, constant rainfall application, media type, initial conditions, and the physical size of the ecology ditch. The simulations used 24-hour duration storm sizes of 0.64, 1.27, 2.54, 3.81, 5.08, and 6.35 cm ͑0.25 to 2.5 in.͒. Peak reduction was found to depend greatly on input hydrograph distribution and the ability of the soil to store water. In turn, the storage in the soil was found to be dependent on the intensities of the input hydrograph. The peak delay time for larger storms was quantifiable since it depended on the saturated hydraulic conductivity and the distance of the flow path. For larger storms, the ecology ditch managed a peak reduction in the range of 10 to 50%.
Introduction
As urban areas continue to develop, storm water runoff problems become more severe and cost-effective options for treating the problems become more limited. Additional impervious area increases the magnitude of the hydrograph peak, the associated runoff volume, and the pollutant loading ͑Driscoll et al. 1990; FHA 1996͒ . Adverse impacts include downstream flooding, channel scour, and sediment and pollutant transport. Moreover, since many state and local regulations restrict storm water discharge to predevelopment hydrograph magnitudes, additional land must be purchased for storage and detention. The collection networks and treatment systems needed to handle the larger storm water volumes and pollutants result in increased infrastructure costs. To effectively mitigate these impacts, best management practices ͑BMPs͒ such as detention ponds, swales, and infiltration galleries are used ͑Ellis et al. 1986; Schueler 1987; Urbonas and Stahre 1993͒ . In urban areas, land required for treatment facilities can be limited and costly.
An ''ecology ditch'' is a modified partial infiltration trench designed for the purposes of reducing and attenuating peak discharges and removing pollutants associated with urban storm water runoff. A typical infiltration trench allows storm water to be temporarily stored in the porous media backfill. Dewatering of the trench occurs through deep infiltration ͑Harrington 1989; Duchene et al. 1994͒ . By contrast, when storage capacity is exceeded, an ecology ditch is drained via a perforated pipe located near the bottom of the trench similar to the design initially proposed by Urbonas and Stahre ͑1993͒. The drain pipe provides the benefit of removing water from the trench when deep infiltration is too slow or not desirable. As illustrated in Fig. 1 , the trench backfill consists of sand and compost layers that retain a portion of the infiltrated storm water for plant uptake and evaporation. It is the increased affinity for pollutants and the additional potential for evapotranspiration storage afforded by the compost that makes this unique from other infiltration BMPs. Extended wings also increase infiltration surface areas yielding better hydraulic treatment of the hydrograph. It is also anticipated that the vegetation will facilitate nutrient removal and trap metals adsorbed to sediments as has been demonstrated in BMPs such as swales and grass strips ͑Harper et al. 1984; Hewitt and Rahed 1992; Newberry and Yonge 1996͒ . In a related study by Koob and Barber ͑1999͒, the organic carbon contained in the compost provided adsorption and filtration sites for pollutants such as metals, polynuclear aromatic hydrocarbons, and sediments. Furthermore, since most ecology ditch applications use areas within existing right-of-ways, cost savings may be realized in property acquisition.
The objectives of this study are to demonstrate the utility of the ecology ditch and provide insight into design considerations. To accomplish these objectives, a full-scale physical model was constructed in the Albrook Hydraulics Laboratory at Washington State Univ. ͑WSU͒, Pullman, Wash. The physical model was subjected to simulated rainfall/runoff events to provide the information necessary for calibration of the computer code, Simulating Water Flow and Solute Transport in Two-Dimensional Variably Saturated Media (SWMS2D) ͑Simunek et al. 1994͒. The computer model was used to examine the effects of different ecology ditch configurations and demonstrate the impacts of precipitation patterns on the effluent hydrograph.
Methods and Procedures

Full-Scale Model of Ecology Ditch
A physical model was constructed to represent actual field conditions while maintaining precise laboratory controls. The model included rainfall and highway runoff application systems allowing variable application rates on the ditch and highway surfaces. Three banks of nozzles provided the necessary range of flows to imitate the Soil Conservation Service ͑SCS͒ Type I-A distribution for storms ranging from 0.65 cm ͑0.25 in.͒ to 6.35 cm ͑2.5 in.͒. The 4.88 m ͑16 ft͒ long model was built on a 2% longitudinal slope. The cross-sectional dimensions of the ditch are shown in Fig. 2 . Three types of media were layered in the ecology ditch. The surface media was a 10.2 cm ͑4 in.͒ thick layer of WSU compost. Underlying the compost was a clean sand layer, followed by 3/8 in. minus gravel used for pipe bedding.
Soil properties were determined for each media. Saturated hydraulic conductivity tests for the compost, sand and gravel yielded 0.052, 0.017, and 0.10 cm/s, respectively. As illustrated in Fig. 3 , the sand and gravel hydraulic conductivity values fall well within the ranges reported in literature ͑Fetter 1994͒. Bulk densities of 1.60 and 1.61 g/cm 3 were measured for the sand and gravel, respectively. Hanging column tests were performed to determine the unsaturated van Genutchen parameters as shown in Table 1 . According to the literature, the van Genutchen curvefitting parameter m is often estimated by the equation mϭ1 Ϫ1/n. However, this approach is not universally accepted ͑Wil-son et al. 1992͒. Sequential iteration of the m and n parameters provides an ''m free'' solution to the moisture release curve. Table  1 contains sets of unsaturated parameters based on both methods. For the materials used in this study, better results were obtained using the m free values. Consequently, the parameters on the left side of Table 1 were used in the computer simulations.
Physical and Numerical Modeling
As shown in Table 2 , 14 experiments were performed on the physical model. These experiments tested the effects of storm size and duration on the outflow hydrograph. The storm events applied to the physical model followed the SCS Type I-A distribution. The runoff flow rate was based on precipitation falling on a pavement surface that was 3.96 m ͑13 ft͒ wide per foot length of the ecology ditch. Fig. 4 is a typical result observed during these tests. Output from these experiments allowed determination of percent peak reduction and peak delay time for all of the conditions tested. Percent peak reduction is defined by the difference in between the input peak and the output peak divided by the input peak. Peak delay time is simply the time between the input hydrograph peak and outflow hydrograph peak.
Subscale infiltration experiments were performed to determine the runoff infiltration behavior with respect to the side slopes of the ecology ditch and to investigate whether the runoff was traveling strictly along the bottom geomembrane. A plexiglas flume 15.24 cm ͑6 in.͒ wide by 111.76 cm ͑44 in.͒ long and 30.48 cm ͑12 in.͒ deep was filled with the same sand used in the ecology ditch. The flume was tilted to side slopes of 5 and 25% and water applied to the upper end of the flume. Fig. 5 illustrates the layout of the infiltration experiment. Measurements of wetting front propagation were recorded as a function of time. Additionally, the effects of initial sand moisture content on infiltration behavior were tested.
The subscale infiltration experiments provided crucial information with respect to the behavior of infiltrating water. The effects of wing side slopes were tested using 5 and 25% slopes. In general, the wetting front propagation along the 5% slope was shorter than the 25% slope as shown in Fig. 6 . For example, at an elapsed time of 100 min, the wetting front in the 25% slope test advanced 15 cm further than the front in the 5% slope test. Increased wetting front advancement in the 25% slope test is explained by the effect of gravity. The largest impact of gravity occurs in the transmission of water behind the wetting front. Rapid wetting front propagation results from a high-potential difference across the wet-dry interface due to high-water contents just behind this interface ͑Hillel 1982͒.
A second important observation from the infiltration experiments was the size of the transmission paths resulting from infiltrated water. Three tests were performed to determine the path thicknesses. The average transmission path thickness was measured approximately 30 cm ͑12 in.͒ from the lower end of the experiment. Table 3 summarizes these measurements.
The path thicknesses vary little at the point of measurement between the three experiments. The path thickness is a direct result of capillarity. The sand used in these experiments exhibited relatively low capillarity resulting in small transmission path thicknesses. Fig. 7 illustrates an example of the transmission path thickness for both the dry and wet initial conditions for a 5% side slope. The heavy lines represent the infiltration path resulting from wet initial conditions.
The results shown in Figs. 6 and 7 illustrate the transmission paths thicknesses were relatively independent of initial conditions and side slopes. Based on these results, it can be assumed the transmission path or the stream tube remains fairly constant in size and shape. Since all of the experiments involve applying a spike or a pulse in the input hydrograph, knowledge of how a pulse propagates through the system is important. A spike or pulse of water applied to an unsaturated system dissipates as it travels through the soil. Dissipation occurs as a result of storage in the soil matrix. The saturation or storage level increases with input intensity, causing a reduction of the peak input pulse. Dissipation also occurs due to redistribution of water in the soil matrix from the tail of the pulse ͑Hillel 1982͒. Therefore, the pulse continually decreases in intensity as it spreads through the soil matrix. The SWMS2D code was applied to the ecology ditch for simulating two-dimensional ͑2D͒ vertical planar flow. The ultimate goal was to replicate results from the physical model with the code through calibration and then simulate alternative designs of the ecology ditch. An extra atmospheric boundary condition was added to SWMS2D to permit the application of highway runoff at the edge of ditch. With the assumption of symmetry, a half section of the ecology ditch was modeled to reduce computation time. The domain is made up of 6.1 cmϫ6.1 cm ͑0.2 ftϫ0.2 ft͒ grid elements. Grid elements can be rectangular or triangular allowing the irregular geometry shown in Fig. 8 . Specified flux, unit gradient, and specified head boundary conditions make up the perimeter of the domain.
After calibration of the modified code was completed, computer simulations were performed to test the effects of storm size, rainfall distribution, constant rainfall application, media type, initial conditions, and the physical size of the ecology ditch. The simulations used 24-h duration storm sizes of 0.64, 1.27, 2.54, 3.81, 5.08, and 6.35 cm ͑0.25 to 2.5 in.͒. Another test was conducted with constant application rates of 0.06, 0.24, 0.48, and 1.20 cm/min ͑0.024 to 0.47 in./min͒. Additional simulation information can be found in King ͑1997͒. Using the results from these tests and the physical model experiments, the percent peak reduction and peak delay time were determined as a function of storm size.
Results and Discussion
The two indices of peak reduction and peak delay time are important in design. The values of their limiting performances, seen in the exponential decay as a function of storm size, provides opportunity for ease of comparisons for different conditions. These limiting values are compared in the following analysis and discussion.
Impact of Storm Size
An important trend noticed in the experiments was the effects of storm size on percent peak reduction and attenuation of the time to peak. The effects of storm size can also be equated with the effects of larger drainage areas ͑i.e., more highway lanes͒. All of the tests yielded a decrease in both the percent peak reduction and peak attenuation with increasing storm size. Fig. 9 illustrates these trends. An important characteristic can be seen in all of the experiments. The drop in percent peak reduction and peak attenu- 13 . Effects of input distribution on peak reduction ͑24-h storms͒ ation tends to flatten out at storm sizes of approximately 1.27 cm ͑0.5 in.͒ and larger. These occurrences are caused by an increase in ecology ditch soil water contents in the larger or higher intensity storms. An increase in water content results in greater storage and an increase in the hydraulic conductivity. As the percent peak reduction flattens as a function of storm size, the storage in the soil must increase for larger storm events. Once saturation is reached, the hydraulic conductivity cannot increase any more, causing the peak delay time to approach a minimum.
Effects of Storm Distribution
The impact of storm distribution was shown in two experiments testing storm duration and a modified storm input distribution. The effects of storm length were analyzed using three 1.27 cm ͑0.5 in.͒ storms with durations of 1, 3, and 6 h. All three storms used the SCS Type I-A rainfall distribution. In general, the percent peak reduction decreased with storm duration and the peak delay time increased as shown in Fig. 10 .
The trend of increased peak delay time with increased duration is reasonable since the storm intensity decreases with longer storm durations. A decrease in storm intensity reduces the water content in the vicinity of the pulse and the corresponding effective hydraulic conductivity causing greater lag between peaks. Recall that unsaturated hydraulic conductivity decreases rapidly with small decreases in water content.
Notice the trend of decreased peak reduction with increasing storm duration. One would expect greater peak reduction and spreading of the hydrograph as a result of lower-effective hydraulic conductivity and soil moisture content. To help explain this occurrence, a normalized plot of the outflow hydrographs is shown in Fig. 11 . The outflow hydrograph flow rates were normalized by their corresponding maximum input flow rate and the elapsed time was normalized by the storm duration.
Analyzing Fig. 11 indicates that the relative width of the normalized hydrographs decrease with increased duration. This trend shows, relative to the input storm duration, the outflow hydrograph has a greater spread with the higher intensity shorter duration storms. This spread of the hydrograph width causes greater percent peak reduction. Also, the drainage or tail of the hydrograph is most affected by duration. Upon further consideration, this occurrence can be explained fundamentally. For example, the higher-intensity 1-h storm puts a short spike on the system. The spike propagates through the system rapidly with increased water contents and corresponding hydraulic conductivities. Since the spike has a higher intensity over a short period, a wider range of water content is used as storage causing greater peak reduction. If the spike is long in duration and lower in intensity, the range of available water contents for a given peak intensity is reduced causing less peak reduction. The net result is greater temporary storage of the peak input in the soil matrix for shorter higher-intensity storms.
The impact of distribution on percent peak reduction and peak delay time was further tested by comparing results generated by the SCS Type I-A distribution to those from a modified distribution. The modified distribution is wider in the area of the peak as shown in Fig. 12 . The reoccurring trend of peak reduction approaching a minimum value with increasing storm size is evident in Fig. 13 . However, the value of the minimum reduction is highly related to the shape of the input hydrograph for a given ditch media. Fig. 13 illustrates this relationship in a comparison of percent peak reduction resulting from the SCS Type I-A and the modified rainfall distributions.
The impact of the input hydrograph shape may have the single largest effect on the efficiency of the ecology ditch to attenuate the peak flow. Notice, Fig. 13 shows a 23% drop in the minimum peak reduction for the modified distribution. The modified hyetograph applied relatively high-intensity rainfall for 60 min versus 30 min associated with the SCS Type I-A hyetograph. This extended period of high-intensity input caused the drastic decrease in the percent peak reduction.
As the applied peak duration increases, the moisture content in the transmission path approaches the steady-state water content for a given peak intensity. The steady-state water content along the liner is dependent on the storm intensity. Theoretically, if Fig. 14. Effects of input distribution on peak delay time ͑24-h storms͒ steady-state flow is reached before the peak input drops off, then no peak reduction will be observed. In order to determine the time required to reach steady state, simulations applying constant input rates were performed.
Constant Rate Application
Four constant rate rainfall simulations were performed to determine the effect of the input intensity on the time required to reach steady state and the total storage of the soil matrix. In general, the time to steady state decreased and the soil moisture storage increased with the corresponding increase in input intensity. Table 4 presents these results. Referring back to Fig. 12 , a peak highway runoff input intensity of 0.42 cm 3 /s per unit length of ditch can be calculated from the 6.35 cm ͑2.5 in.͒ 24 h storm. This rate was maintained for a duration of approximately 60 min. Therefore, according to Table  4 , steady-state conditions should have been met within 60 min. Fig. 13 illustrates the peak reduction for this storm was only 7%, which indicates near steady-state conditions were obtained. Table 4 also provides support for the exponential decay trend of the percentage peak reduction with increasing storm size. Larger storm sizes are associated with higher intensities. Therefore, as storm size increases the storage in the soil matrix increases. This trend of increased storage tends to offset the drop in percent peak reduction as storm size increases. Once the system is entirely saturated, theoretically no peak reduction will occur since the storage capacity of the system is depleted.
A second important observation is the minimal impact on the peak delay time resulting from the two different distributions. The peak intensities for the two distributions are nearly the same as shown in Fig. 14 , causing the same water content and corresponding hydraulic conductivity along the transmission path. Thus, input distribution shapes with the same peak intensity do not impact the minimum peak delay time. This indicates that the peak Fig. 15 . Effects of initial conditions on peak reduction ͑24-h storms͒ Fig. 16 . Effects of initial conditions on peak delay time ͑24-h storms͒ flow occurs along a saturated flow path that is relatively unaffected by the excess water in the modified distribution. The excess water must be transmitted via a slightly thicker flow layer that does not significantly alter the peak flow path. The following conclusions can be made regarding the effects of the input hydrograph distribution. First, the peak delay time is relatively unaffected by the input distribution. Second, the percent peak reduction is drastically affected by the duration of the peak input. This observation is analogous to a detention pond. Detention ponds treat short duration high-intensity hydrograph much better than a long lower-intensity hydrograph due to the available storage in the pond. A long steady rainfall depletes available storage reducing treatment efficiency. On the other hand, an empty pond may entirely consume a short, high-intensity rainfall event. The ecology ditch behaves in much the same way that leads to the impact of initial moisture conditions of the ditch media.
Effects of Initial Conditions
The impact of initial conditions on the ecology ditch's performance is important when considering the typical antecedent dry periods of an area. The hydraulic performance was tested under three different moisture contents in the sand layer. The driest initial condition was created based on 72 h between storms. Average water contents were approximately 10.5%. The initial condition used in nearly all of the experiments and simulations consisted of average water contents of 11% resulting from 24 h of drainage between storms. The wettest initial condition represented 3 h between storms with an average water content of 12%. As expected, the effect of initial conditions only impacted the hydraulic performance during smaller storms as shown in Figs. 15  and 16 .
The hydraulic performance of the ditch for larger storms is not sacrificed or improved based on initial water content of the media. It is noted that the difference in initial water contents for each simulation is relatively small. However, recall the corresponding antecedent dry periods are 3, 24, and 72 h for the respective water contents of 12, 11, and 10.5%. These results show the minimum percent peak reduction and peak delay time should be relatively unaffected by moist initial conditions resulting from low-intensity rainfall patterns. On the other hand, initial conditions resulting from a week of hot summer weather is expected to have much greater and improved impacts on the hydraulic performance of the ditch.
Effects of Media
The effects of different ditch media on the hydraulic performance were simulated in the computer model. Gravel and USDA classified sand were compared to the sand used in the calibrated physical model ͑Rawls et al. 1992͒. Refer to Table 5 for the hydraulic properties of these media. The percent peak reduction is dependent on the storage characteristics of the media. Finer medias tend to retain water better causing larger percent peak reductions as shown in Fig. 17 . Peak delay time is dependent on the effective hydraulic conductivity. Thus, finer soils having lower hydraulic conductivities produce greater peak delay as shown in Fig. 18 .
Effects of Ditch Size and Side Slope
To test the hydraulic behavior of the ecology ditch as a function of size, three different geometries were tested. The primary difference between each size was in the width of the wings. Wing widths of 0.91 m ͑3 ft͒, 1.52 m ͑5 ft͒, and 2.13 m ͑7 ft͒ were tested and are referred to by total ditch widths of 2.44 m ͑8 ft͒, 3.66 m ͑12 ft͒, and 4.88 m ͑16 ft͒, respectively. All of these experiments were performed with the calibrated sand used in the physical model. In addition, the initial conditions resulted from 24 h of interevent drainage.
The hydraulic performance as a function of ditch size is very important in the design of the ecology ditch. Figs. 19 and 20 illustrate the impact of ditch size on the percent peak reduction and peak delay time, respectively.
A larger ecology ditch wing makes a substantial difference in the minimum values of the percent peak reduction. The minimum percent peak reduction for the 2.44 m ͑8 ft͒, 3.66 m ͑12 ft͒, and 4.88 m ͑16 ft͒ ditch sizes were 31, 49, and 61%, respectively. The reason for increased peak reduction is that the larger crosssectional area of the sand layer provides greater storage capacity. The peak delay time is also affected by the increased size of the wings as shown in Fig. 20 .
The peak delay time is increased with size due to longer transmission path lengths. The minimum delay times shown in Fig. 20 for the 2.44 m ͑8 ft͒, 3.66 m ͑12 ft͒, and 4.88 m ͑16 ft͒ ditch sizes were 16, 26, and 37 min, respectively.
Peak Delay Time Analysis
The hydrologic results show trends of exponential decay of both peak reduction and peak delay as a function of storm size. The impacts of different conditions, such as storm distribution, ditch media, and ditch size greatly impact the hydraulic performance of the ditch. Percent peak reduction is highly dependent on the unsaturated behavior of the soils and the input hydrograph distribution. Quantification of percent peak reduction for different conditions requires the use of a code such as SWMS2D. However, a fundamental trend was observed for peak delay time. Peak delay time can be estimated using a simple analysis.
An approximation for the minimum peak delay can be calculated provided that the following assumptions are valid: ͑1͒ the peak intensity of the input hydrograph is large enough to saturate the system; ͑2͒ once saturation has occurred, a unit gradient is assumed; and ͑3͒ the travel time through the pipe bedding gravel below the sand layer is assumed to be negligible since the hydrau- Fig. 19 . Effects of ditch size on peak reduction ͑24-h storms͒ Fig. 20 . Effects of ditch size on peak delay time ͑24-h storms͒ lic conductivity is an order of magnitude larger. Assumption ͑1͒ occurs in most large storm events. Based on the computer results, assumption ͑2͒ was true for the media tested in the physical model. This assumption, however, may not be valid for medias with drastically different hydraulic properties.
First of all, the seepage velocity ͑͒ is calculated using
where K s ϭsaturated hydraulic conductivity; and nϭporosity. Next, the distance ͑D͒ along the transmission path is calculated by
where t pd ϭuser specified minimum peak delay time; and ϭ seepage velocity from Eq. ͑1͒. After the distance along the transmission path is calculated, a ditch size can be formulated by assuming the transmission path closely represents the outside perimeter dimensions of the ditch. This procedure for calculating peak delay time as a function of the seepage velocity and the distance traveled was proven by comparison to the results shown in Fig. 9 . Recall these results correspond to the 2.44 m ͑8 ft͒ wide ditch with sand used in the physical model. The total length of the transmission path in the sand is approximately 127 cm along the liner. The porosity and saturated hydraulic conductivity are 0.40 and 0.05 cm/s, respectively. Assuming a unit gradient yields a maximum flux of 0.05 cm/s as given by Darcy's law, the seepage velocity is calculated at 0.125 cm/s by dividing the flux by the water content. The total travel time is approximated by dividing the transmission length by the seepage velocity. This set of calculations yields a minimum delay time of 17 min which corresponds very closely to the minimum peak delay times observed in the physical model experiment.
These calculation procedures are further tested using the experimental results for different ditch sizes. Applying the calculation of minimum peak delay time yielded good results for the different ditch sizes. Calculated delay times for 2.44 m ͑8 ft͒, 3.66 m ͑12 ft͒, and 4.88 m ͑16 ft͒ ditch sizes were 17, 26, and 33 min, respectively. The corresponding observed peak delay times for the three ditch sizes were 16, 26, and 37 min.
Conclusions and Recommendations
Based on the results of this research, the ecology ditch offers an effective means for the hydraulic treatment of storm water runoff. Using both a full-scale physical model and a modified twodimensional unsaturated groundwater model, it has been determined that the percent peak reduction and the peak delay time followed exponential decay trends as a function of storm size. These values appeared to approach limiting values as the saturation level of the soil increased. Experimentation indicated peak reductions were dependent on the media used in the ecology ditch, the input hydrograph distribution, and the ditch size, while the peak delay time was dependent only on the media and ditch size. Also, the effects of initial conditions did not appear to have substantial impacts on either percent peak reduction or peak delay time for larger storms.
As demonstrated in Fig. 9 , the effects of storm size on peak discharge and peak delay are substantial. For storm sizes ranging from 0.5 to 2.5 cm, the combined effects of the compost and sand in the ecology ditch retain enough water to reduce the magnitude of the peak discharge by approximately 70-50%. The immediate impact would be to reduce pipe size but the downstream impact might be to reduce scour. Furthermore, the timing of the peak is reduced anywhere from 15 to 60 min which could lead to longer time of concentrations.
The internal hydraulic processes of the ditch were found to be very complex because of the nature of unsaturated flow. In general, the level of peak reduction and peak delay time were highly dependent on the unsaturated properties of the soil. This was seen in the comparison of media types in which three relatively coarse materials behaved drastically different. Peak reduction was found to depend greatly on input hydrograph distribution and the ability of the soil to store water. In turn, the storage in the soil was found to be dependent on the intensities of the input hydrograph. The peak delay time for larger storms was quantifiable since it depended on the saturated hydraulic conductivity and the distance of the flow path.
Several important design recommendations can be made based on the results of this project. Based on simulations of different media types and laboratory results, sand and coarse gravel are the recommended medias for the upper soil layer and pipe bedding material, respectively. The sand should have similar hydraulic properties as the sand used in the physical model. Most importantly, the saturated hydraulic conductivity should fall within a range of 0.03 to 0.08 cm/s. There are two reasons for the tight range in hydraulic conductivity. First, if the material is any coarser, support of plant growth will be difficult in terms of water retention and an adequate media for root growth. Second, if the material is finer or the saturated hydraulic conductivity is less, clogging and ponding become an issue.
A coarse gravel is recommended in the trench around the pipe. The gravel used in the experiments was classified as 3/8 in. minus, which is a fine to medium gravel according to Yang ͑1996͒. In future applications, it is recommended that 5/8 in. minus or coarser material be used. Using a coarser gravel ensures water flow in the geometrically smaller area of the trench will not be restricted.
The side slopes of the wing walls did not have a substantial impact on the output hydrographs. However, it should not hurt the performance of the ditch to make the wing slopes shallower. If logistics in construction are easier with shallow side slopes, then slopes no smaller than 1:20 are recommended.
The ecology ditch also adds the potential for effective qualitative treatment. The level of sediment removal is expected to be high since it acts as a sand filter. In addition, there is potential for biological treatment of contaminants through plant growth. Further testing regarding the qualitative treatment capabilities is still needed. Field testing of the ecology ditch should be performed to examine impacts that were not easily tested in the laboratory. In particular, the long-term impact of aging and sedimentation accumulation on the compost layer and the effects of vegetation should be examined. Different types of compost should also be tested due to potential differences in hydraulic conductivities and adsorption characteristics.
Each BMP has its place as storm water controls. The engineer must optimize variables such as peak discharge, time of concentration, space, to arrive at an economically sound design. The ecology ditch is one more such BMP to put in the designers' toolbox.
